Kinetics of the CO oxidation reaction on Pt(111) studied by in situ high-resolution x-ray photoelectron spectroscopy J. Chem. Phys. 120, 7113 (2004) The oxidation of CO on Pt(111) was investigated simultaneously by near ambient pressure X-ray photoelectron spectroscopy and online gas analysis. Different CO:O 2 reaction mixtures at total pressures of up to 1 mbar were used in continuous flow mode to obtain an understanding of the surface chemistry. By temperature-programmed and by isothermal measurements, the onset temperature of the reaction was determined for the different reactant mixtures. Highest turnover frequencies were found for the stoichiometric mixture. At elevated temperatures, the reaction becomes diffusionlimited in both temperature-programmed and isothermal measurements. In the highly active regime, no adsorbates were detected on the surface; it is therefore concluded that the catalyst surface is in a metallic state, within the detection limits of the experiment, under the applied conditions. Minor bulk impurities such as silicon were observed to influence the reaction up to total inhibition by formation of non-platinum oxides. C 2016 AIP Publishing LLC.
I. INTRODUCTION
X-ray Photoelectron Spectroscopy (XPS) is one of the most widely used techniques regarding the investigation of surface reactions. [1] [2] [3] [4] [5] Its surface sensitivity results from the limited mean free path of the photoelectrons in condensed matter, which restricts the information depth to the topmost layers of a sample. At the same time, the interaction of the photoelectron with atoms and molecules in the gas phase also represents one major drawback in conventional photoelectron spectroscopy for studying surface reactions, since for this reason conventional setups require ultrahigh vacuum (UHV) conditions; in other words, the pressure range of the gases applied during XPS is limited to pressures typically below 10 −6 mbar. 1, 6 With the aim of surface science to provide a fundamental basis for the optimization of catalysts and a molecular understanding of the relevant reaction steps, the difference between these low pressures and the actual reaction conditions of real catalysts needs to be considered. The term "pressure gap" [7] [8] [9] describes the contrast between the pressure ranges used in real and model catalysis studies and indicates that results obtained in surface science often cannot be simply extrapolated to higher pressures. 10 To narrow or even close this gap, different established surface science techniques such as XPS 7, 11, 12 and Scanning Tunneling Microscopy (STM) 13 have been refined towards the use at higher pressures, often denoted as near ambient pressure (NAP) conditions. As this is a new and evolving field of surface science, there is the need to carefully probe even wellunderstood model reactions at these quite different conditions. Compared to a classical surface science experiment in UHV, entirely new effects have to be considered. One example is the occurrence of strong heat and mass transfer effects [14] [15] [16] that have been reported for reactions on transition metals, such that the reaction kinetics at elevated pressures are drastically influenced by the diffusion of reactants and products. These effects were, e.g., observed for CO oxidation on Pd and RuO 2 , 14, 15 which are both well investigated and understood model reactions under surface science conditions.
On Pt(111), CO oxidation under UHV conditions follows a Langmuir-Hinshelwood mechanism, that is, both reactants have to be adsorbed as next neighbours on the surface in order to react. 17, 18 The activation energy of this reaction strongly depends on the oxygen and carbon monoxide coverages: under CO rich conditions, the surface is poisoned as oxygen cannot adsorb and dissociate, which is required for the reaction to occur. [19] [20] [21] Interesting effects like an oscillatory behaviour 22 of this reaction have been reported to take place under UHV conditions 23, 24 and also at ambient pressures. 25 While the oscillations for Pt(100) observed in UHV 23, 24 are induced by surface phase transitions, at high pressures this behaviour was attributed to SiO 2 formation due to platinum bulk impurities. 25 In the last years, an intense debate arouse 13, [26] [27] [28] with respect to CO oxidation at higher pressures, especially concerning the state of the catalyst in the active range. Whereas Hendriksen et al. 13, 29, 30 suggested a Mars-van Krevelen oxidation-reduction mechanism for Pt(110) and also Pd(100), with the respective metal oxide as highly active species, other groups report a metallic state of the surface in the most active regime. 26 As techniques like STM, Sum Frequency Generation (SFG), and Infrared Spectroscopy (IR), which were used in other studies, 16, 29, 31 lack direct chemical information on the oxidation state of the surface or the quantification of adsorbates, NAP-XPS could step in as a powerful quantitative tool. Indeed, the formation of platinum oxide above a certain oxygen pressure and at elevated temperatures has been reported before, 16, 32 with these oxides being reducible by exposure to H 2 . 33 Nevertheless, it still has to be examined whether platinum oxide also exists under reaction conditions and if it actively takes part in the reaction, i.e., it is reactive towards CO.
Herein, we report on in situ NAP-XPS results of the CO oxidation on Pt(111). The CO oxidation reaction was also monitored by online gas analysis using a quadrupole mass spectrometer (QMS). We deduce that the reactive state of the platinum surface during CO oxidation is metallic and that no detectable amounts of platinum oxide are present under the applied reaction conditions of up to 1 mbar. We also report on poisoning of the surface by CO and "non-platinum"-oxides resulting from bulk impurities of the crystal.
II. EXPERIMENTAL DETAILS
The Pt(111) crystals were cleaned by cycles of Ar + sputtering at 1 × 10 −5 mbar (1 kV, room temperature, 20 min, I sample = 5-12 µA) and annealing at 1100 K (3 min). The cleanness of the sample was checked by XPS and surface order of the clean surface was verified by LEED. The purity of the Pt(111) crystals was 99.999% and an accuracy of the polishing angle of <0.1
• was denoted by the supplier (MaTecK). The purity of the used gases was 4.7 for CO and 5.0 for O 2 .
The detailed setup of the NAP-XPS chamber has been described elsewhere. 34 Shortly, it consists of an electron energy analyser (modified Omicron EA-125) that is separated by four differential pumping stages from the reaction area at near ambient pressures, enabling collection of XP spectra at 1 mbar while maintaining high vacuum in the analyser. As excitation source, a modified Al/Mg dual anode (Specs XR-50 HP) was used. All spectra in this work were taken at normal emission with Mg K α radiation (1253.6 eV) except for the slow heating ramp of the 1:10 CO:O 2 mixture which was taken with Al K α radiation (1486.6 eV). The UHV environment of the X-ray gun is sealed against the high pressures within the measurement chamber by a 200 nm thick Si 3 N 4 window. A base pressure in the range of 10 −9 mbar allows UHV experiments in addition to the near ambient pressure investigations. Exposure to reactive gases was achieved by background dosing through two separate leak valves; a MKS Barathron 121A pressure gauge (10 −4 -1 mbar) was used to ensure gas type independent pressure measurement. The sample was heated by resistive heating, and the temperature was measured using a chromelalumel thermocouple directly spot-welded to the crystal.
Region scans of the Pt 4f, O 1s, and C 1s core levels as well as wide scans were taken to monitor the reaction in situ and also to describe the surface before and after the reaction. The binding energies of the O 1s region were referenced to the CO bridge and on-top binding energies (531.1 and 532.8 eV, respectively), 35 whereas the Pt 4f spectra were referenced to the Fermi edge. The acquisition time for the O 1s region during the CO oxidation reaction was ∼5 min for the isothermal reactions, ∼2 min for the heating ramps with 2 K/s and 1 K/s), and ∼8 min for the heating ramp with 2 K/min in the temperature-programmed measurements. Please see Table S1 of the supplementary material 36 for details on the fitting procedure. All coverages given were obtained with an accuracy of approximately ±0.15 ML, obtained from a comparison to the well-known c(2 × 4) CO superstructure with a coverage of 0.5 ML. 37 Thereby, 1 ML corresponds to one adsorbate molecule or atom per surface atom on the Pt(111) surface.
A quadrupole mass spectrometer (Prisma QMS 200, Pfeiffer Vacuum) is attached to the second differentially pumped stage, allowing simultaneous online gas analysis during reaction using the Faraday cup as detector. The QM spectra were corrected for contributions due to CO 2 decomposition at the QMS filament, the different QMS sensitivities, and gas-dependent pumping of the differential pumping system.
All conversions given were calculated as 1 − (CO/CO 0 ) = CO 2 /(CO 0 ) in percentage and to correct for changes in pressure during the experiment, CO 0 is calculated at time t as CO(t) + CO 2 (t).
Turnover frequencies (TOFs) were calculated from the conversions determined by online gas analysis using the method described in Ref. 38 . The flux of CO molecules on the surface was calculated from the impingement rate of CO at the given partial pressure (determined from online gas analysis or calculated from XP gas phase signals) and a gas temperature of 300 K divided by the surface atom density of the Pt(111) surface (1.5 × 10 15 cm −2 ). The flux was then multiplied with the CO conversion to obtain the TOF. An error bar of ±11% for the conversions was calculated from several identical measurements.
III. RESULTS AND DISCUSSION

A. Temperature-programmed measurements
We first discuss temperature-programmed measurements, as they provide a good overview of the reaction and the occurring chemical species on the surface. The reaction was monitored by NAP-XPS and by online gas analysis using the QMS, while exposing the Pt(111) sample to a defined mixture of CO:O 2 , and subsequent heating with a defined heating ramp. Figure 1(a) shows the O 1s region for the 2:1 CO:O 2 mixture. The experiment started by admitting CO to the chamber with a pressure of 0.66 mbar and the sample at 300 K. This leads to a gas phase peak at 536.6 eV and to two peaks at ∼532.8 and ∼531.1 eV due to CO adsorbed in on-top sites (pink) and in bridge sites (purple) on the Pt(111) surface. 20, 35, 39 Please note that due to the limited resolution of our setup, these two peaks are not well resolved. In Figure 1 (b), exemplary fits are shown, where three successively measured O 1s spectra were added up in order to get a better signal-to-noise ratio.
At 540 s (XP spectrum 4), 0.33 mbar O 2 was added, with the sample still at 300 K, leading to an additional gas phase peak at 537.5 eV (see Figure 1 (b) spectra 7-9), which consists of the two unresolved molecular O 2 gas phase signals. 40 As we first introduced CO to the chamber, the surface is blocked with CO and no adsorption of oxygen is found. From the lack of a CO 2 signal in the online gas analysis (Figure 2(b) ) and the fact that no change of the adsorbate coverages is observed (Figure 1(b) ) during CO and O 2 coexposure, we deduce that no reaction occurs at 300 K. The decrease of intensity of the adsorbed CO in the XP spectra by ∼31% upon O 2 admission is due to increased damping by the gas phase, whereas the loss in signal intensity resulting from the gas phase is due to partial heating of the gas phase (especially observed in spectra [13] [14] [15] by the sample and to a minor degree from changes in the sample position relative to the analyser entrance, thereby reducing the gas amount sampled by XPS. Please note that in our analysis, we use only relative amounts; therefore, this change in absolute intensity has no influence on the presented results. In the quantitative analysis of the XP spectra, shown in Figure 2 (b), we used identical O 1s intensities of the gas phase for O 2 (brown squares) and CO (green circles) as constraint; this follows from the mixture of 0.66 mbar CO and 0.33 mbar O 2 and simplifies peak fitting. At 1250 s (XP spectrum 11), a heating ramp with 2 K/s was started, while XP spectra and the gas analysis were further recorded continuously. The temperature is shown as dashed line in Figure 2 (b), with the temperature scale at the right axis of the figure. At ∼620 K, the onset of CO 2 production is observed by the emergence of the CO 2 signal (m/z = 44) in the online gas analysis and the respective O 1s peak of gas phase CO 2 at 535.7 eV in the XP spectra. At the same time, we also find a decrease of the reactants CO and O 2 in the gas analysis and in the XP spectra. The onset temperatures determined from XPS ( Figure 2(a) ) and online gas analysis (Figure 2(b) ) are in a reasonably good agreement; one should note, however, that the temperature resolution of the online gas analysis is much higher than that of XPS: for the applied heating rate of 2 K/s, the online gas analysis averages over 8 K (∼4 s/data point), whereas in XPS, a temperature interval of ∼240 K is averaged (∼2 min/spectrum). Accordingly, we use the online gas analysis for the determination of the onset temperature, which we define as the temperature, at which 10% of the maximum CO 2 production is reached. The corresponding analysis of the data in Figure 2 (b) yields 620 K. Interestingly, we do not detect any adsorbed O-containing species during reaction in the XP spectra; therefore, we conclude that no (or only a minor amount of) oxide is present and that the reactive surface is in a metallic state. This is also observed in Fig. 1(b) where the XP spectra 13-15 are added up: no surface species is observed in this very reactive region, whereas CO 2 production is observed in the fits of the gas phase signals and the gas analysis. After heating the surface to 1100 K, the heating ramp was reversed, and the sample was cooled with a rate of 2 K/s. The reaction persists down to temperatures of ∼420 K (10% of maximum CO 2 production). At this temperature, the O 1s peak of adsorbed CO grows again and the CO 2 gas phase signal decreases while the CO and O 2 signals rise. The same behaviour is also observed in the online gas analysis, which shows a decrease of CO 2 and an increase of CO and O 2 to the initial amounts. The observed reaction behaviour is explained by the Langmuir-Hinshelwood mechanism of the CO oxidation reaction: carbon monoxide and oxygen need to be adsorbed as next neighbours on the surface in order to react. As we chose a CO precovered surface as starting point for our experiments, some CO first needs to desorb in order to allow oxygen to be adsorbed, which is required for the reaction. This saturated CO covered surface is well-known as CO poisoned surface in the literature, 19, 31 which inhibits the reaction. Note that we did not find carbon impurities on the surface after the reaction. In order to exclude influence of the X-rays on the reaction, an experiment without X-ray irradiation is compared to an experiment under X-ray irradiation; no significant differences were observed (cf. Figure S1 in the supplementary material). 36 When analysing the reaction behaviour, we observe a temperature difference in the QMS data between the reaction onset during heating and the termination of the reaction during cooling (see Figure S2 in the supplementary material). 36 This difference is much larger than expected from the different CO coverages on the surface that result from heating a saturated CO layer to a certain temperature or cooling the sample in a CO atmosphere to the same temperature. It is rather attributed to additional diffusion limitations (due to the finite pumping speeds) in the gas phase that are known for near ambient pressure systems: while the onset of CO 2 production is immediately monitored by XPS and online gas analysis (it occurs directly in the detection volume in front of the sample), at the end of the reaction, CO 2 from the complete reaction chamber has to be pumped away, which proceeds at a much longer time constant. This interpretation is in line with the observation that the hysteresis of the CO 2 production is significantly reduced for a slower heating ramp (hysteresis of ∼33 K at 50% of the CO 2 production for a heating ramp of 1 K/s compared to ∼97 K at 2 K/s for the 2:1/CO:O 2 mixture (see Figure S2 of the supplementary material)). 36 To study the influence of the relative CO and oxygen pressures, the same type of experiment as in Figure 1 was performed for three different mixtures CO:O 2 /1:1, 2:1 (stoichiometric), and 1:4, at a total pressure of 1 and 0.1 mbar. The temperature was ramped from 300 to 900 K with a heating rate of 1 K/s (averaging over 120 K in XPS). The onset temperatures are again derived from the more precise online gas analysis (10% of maximum CO 2 QMS signal). In 
We find a shift to lower onset temperatures with increasing oxygen concentration. This is attributed to the fact that the reaction only sets in when CO desorption from the CO poisoned surface takes place. The lower onset temperature for higher oxygen ratios at a total given pressure is due to the higher impingement and therefore adsorption rate of oxygen, which is in competition with (re-)adsorption of CO. At a total given pressure of either 1 or 0.1 mbar, upon decreasing the CO partial pressure, the oxygen partial pressure is increased. Due to lower CO impingement rate, CO desorption sets in earlier and in addition, the increased partial pressure of oxygen promotes oxygen adsorption. At 0.1 mbar, reaction sets in at lower temperature than at 1 mbar, which is solely due to the lower CO partial pressure. Interestingly, we do not find any oxygen on the surface in the XP spectra during the reaction, thereby also ruling out the formation of a platinum oxide species. This leads to the conclusion that the reaction of adsorbed oxygen with CO as well as CO 2 desorption is fast, leading to an adsorbate free surface under the conditions investigated here.
Figures 3(b) and 3(d) show TOFs for the different mixtures as a function of temperature, as derived from the online gas analysis data. In general, the quantitative analysis from these data is, however, somewhat delicate as the results obtained from the gas analysis strongly dependent on the sample position in front of the analyser entrance, due to the concentration gradient over the surface resulting from the mass transfer limitation (MTL); 14, 15, 41 this is schematically illustrated in Figure 4 . Therefore, for these measurements, the sample was moved to the bottom of the measurement chamber (d = 10 cm) where the influence of the pumping stages and the impact of an exact sample position is as low as possible (see Figure 4) .
As a general trend, the temperature for reaching saturation decreases with oxygen content. Saturation indicates the point where the reaction is completely mass transfer controlled. In this regime, at a certain temperature, CO oxidation is so fast that the effective reaction rate and therefore activity are merely dependent on the diffusion of CO and O 2 to the catalyst surface; this behavior results from the build-up of a concentration gradient due to insufficient mixing of the gas phase, as depicted in Figure 4 . Diffusion-controlled reaction behaviour has been reported before for similar systems such as Pt(110), 26 RuO 2 , 14 and Pd. 15 Unfortunately, this effect is influencing the reaction in such manner that a more detailed analysis of the reaction kinetics is not possible in our case. The respective CO conversions are shown in Fig. S3 in the supplementary material. 36 The highest TOFs are observed for the 2:1 CO:O 2 mixture, whereas the lowest maximum TOF is found for a mixture of 1:4. The high values are in general explained by the CO 2 enrichment due to insufficient mixing. Comparing the calculated TOFs to literature, 26, 38 TOFs in between 10 2 -10 3 s −1 site −1 are found under similar conditions for Pt and Rh; also in these cases, MTLs determine the reaction and therefore the observed differences are explained by the different setups used. We observe a maximum in TOF before reaching the MTL regime for the oxidising mixtures only (1:1 and 1:4/CO:O 2 ). The same behaviour was observed before, e.g., for Pt(110) and Rh(111), and was attributed to a sudden depletion of CO in the surface-near region; it was speculated that it is connected to the presence of chemisorbed oxygen on the surface for oxidising mixtures. 26, 38, 42 As we did not observe any adsorbed species at this point, in our case, latter assumption is not confirmed. The fact that we observed the maximum for the oxidising mixtures exclusively is explained by the excess of oxygen (CO/O 2 = 1:4 and 1:1) for both oxidising mixtures in contrast to the stoichiometric mixture (2:1), where no such maximum occurs. Notably, in differential reactors, the conversion is usually kept at 5%-20% in order to prevent changes in reactant ratios and hence to obtain differential rates. At higher conversions, concentration gradients are present, i.e., reactant concentrations are not uniform across the chamber. 43 For all investigated mixtures herein, CO conversion exceeds 10% in the course of the heating ramp; for higher conversions, TOFs are affected to some extent by concentration gradients. TOFs up to conversions of 10% are indicated by black circles in Figure 3 (b). For example, at 600 K TOFs of 420, 800, and 2100 CO 2 molecules site −1 s −1 are reached for 2:1, 1:1, and 1:4 CO:O 2 , which are well in the order of TOFs observed in the millibar regime by other groups. 16, 26 Also at 0.1 mbar total pressure, the reaction is suffering from MTLs as deduced from Figure 3(d) .
One point to be addressed is the fact that while the results derived from NAP-XPS and QMS measurements are in good qualitative agreement, they in some cases do show quantitative differences, that is, in some measurements we observed higher values for conversion by XPS than by the QMS analysis (see Figure 2 and Table I ). A possible reason for this is the setup of our chamber. While XPS averages the gradients in gas phase concentrations between the sample and the analyser, the QMS detects the gas composition at the entrance to the differential pumping stages (see Figure 4 ) and therefore detects less CO 2 and correspondingly more CO. This difference depends on the exact sample position, which can reproduced only with certain accuracy.
As there is an on-going debate about the nature of the oxidation state of platinum in the most active regime, we also performed a temperature-programmed experiment in a highly oxidising CO:O 2 mixture of 1:10, at a total pressure p tot = 1.1 mbar. For Pt(110), it was claimed that platinum oxide is the most reactive species under highly oxidising conditions, leading to a steep increase in CO 2 production at 425 K and 1 bar. 13, 29 We chose a heating ramp of 2 K/min from 340 to 670 K; the respective online gas analysis of this experiment is shown in Figure 5 . Note that the short increase in CO signal at the time of admission of O 2 to the chamber is attributed to desorption from the chamber walls. Above 450 K, a significant increase in CO 2 production occurs. This increase dramatically accelerates at 563 K: within 1 K (i.e., 8 data points), there is an abrupt jump of ∼50% in CO 2 production (with 35% occurring within 4 s, i.e., 1 data point). Thereafter, the signal stays nearly constant (with a small decrease) until 600 K, and subsequently starts to decline significantly. Note that the expected corresponding pressure drop in the O 2 signal (m/z = 32) of only a few percent cannot be unequivocally discerned at the given noise level of the O 2 data in Figure 5 . We next take a close look at the O 1s XP spectra taken simultaneously, with a measuring time of 8 min/spectrum, i.e., a spectrum averages over a temperature range of ∼17 K (the temperatures denoted in the following are the mean values); in Figure 6 , selected spectra are shown and the denoted coverages were obtained from the total O 1s surface peak intensities. The spectra show the O 1s signals from the surface components, FIG. 6 . Selected XP spectra of the O 1s region of the surface species during the experiment in Figure 5 for the 1:10 CO:O 2 mixture with a heating ramp 300-670 K with ß = 2 K/min; the surface coverages as determined from the total peaks areas are denoted. The temperatures of the XP spectra are given after half the spectrum was measured.
whereas the rise of signal intensity at the high binding energy side results from the gas phase signal.
For the lowest temperature, the O 1s signal of adsorbed CO is observed (∼368 K; spectrum 2; CO bridge (purple) and on-top (pink) were fitted to guide the eye), which strongly decreases upon heating (∼488 K; spectrum 9, and also ∼541 K; spectrum 12); in the last spectrum before the abrupt jump in CO 2 production at 563 K, no oxygen-containing species is observed (558 K; spectrum 13). Only in the spectrum taken after the jump (575 K, spectrum 14) , an oxygen signal is observed again, which is attributed to oxide formation. Interestingly, with the onset of this oxide formation, the CO 2 production rate starts to decrease, indicating that the formed oxide increasingly inhibits the reaction. The formed oxide is not a platinum oxide but is identified as silicon oxide (see below). No oxidation of the platinum is observed in the Pt 4f region taken after the measurement in UHV (see Figure  S4 of the supplementary material). 36 At this point, we have to mention that although we do not see any O-containing species in the highly active regime, one has to keep in mind that a minority species with a coverage below our detection limit (here ∼0.15 ML) could be responsible for the jump in activity at 563 K. In other words, we observe a jump from COcovered to an adsorbate-"free"/clean surface-which could be the jump already observed in the literature when going from a carbon monoxide-covered to a oxygen-chemisorbed surface with a coverage below our detection limit. 26, 42, 44 In line with the interpretation of our in situ study that platinum oxide is not the active species, it was shown in an ex situ experiment that α-platinum oxide is far less reactive towards CO than chemisorbed oxygen. 45 To summarize these results, we discussed the COinhibited regime at low temperatures and the role of the metallic, CO-free Pt surface (after CO desorption) as active phase with high activity for CO oxidation. Furthermore, we identified a third regime, where-in a very narrow temperature window-a dramatic increase of the CO 2 production occurs. It is likely that also in all other temperature-programmed experiments, this sudden change in reaction takes place, but due to the limited time/temperature resolution and diffusion effects, this effect is not sharp as observed signal increase in our online gas analysis.
B. Isothermal reaction
As a second method to examine the interaction of CO and O 2 with the Pt(111) surface, we performed isothermal measurements in order to gain information on the long term stability of the reaction. We again monitored the reaction simultaneously by NAP-XPS and QMS in a continuous flow mode.
We first exposed the surface to CO and after establishing a stable background pressure, oxygen was added to yield CO:O 2 ratios of 2:1 (stoichiometric), 1:1, and 1:4, with p tot = 1 mbar. In all cases, the examination of the reaction over time did not show any significant changes of the activity during the isothermal experiments, which all took at least 3 h. As a representative example, the gas phase O 1s spectra of the stoichiometric 2:1 mixture at 750 K are shown in Figure 7 as a function of reaction time. They consist of three signals belonging to O 2 , CO, and CO 2 , whose ratios only change within the margin of error. Note that no O-containing surface species were detected during the reaction. The reaction of CO to CO 2 is evident from the CO 2 peak in the O 1s spectra in Figure 7 , but also from the QMS measurements (data not shown). Table I summarizes the quantitative XPS and QMS analysis for the stoichiometric 2:1 mixture. At 650 K, only negligible reaction occurred, while at 750 K, a significant reaction of CO is found (a conversion of 43% deduced from XPS data, and 34% from QMS; for an explanation of the larger value found in XPS, see Section III A). Upon further increasing the temperature to 850 K, even higher conversion is observed, which then levels off at higher temperatures (see Table I ), due to mass transfer limitations.
As for the temperature-programmed experiments, the isothermal reaction depends on the oxygen percentage in the mixture. This is evident from Figure 8 , where the TOFs for the different mixtures are plotted against reaction temperature, as derived from the O 1s NAP-XP spectra: for the 1:4 (CO:O 2 ) mixture, the reaction is very efficient already at 650 K, whereas for the stoichiometric (2:1) and for the slightly oxidising (1:1) gas compositions, only at 750 K significant reaction was observed. The observed trend is in line with literature, 40 where a lower onset in NAP-XP spectra was found at 535 K at a highly oxidising CO:O 2 ratio of 1:9, at a total pressure of 0.15 mbar. Again, no further increase in TOF is found from a certain temperature on, which is attributed to MTLs at the catalyst surface. The fact that MTLs start at lower 
C. Growth and poisoning with "non-platinum"-oxides
In the course of our experiments, the development of an oxidic species at ∼531.7 eV (slightly varying in binding energy) with time was detected in some of the O 1s region scans, especially at temperatures exceeding 600 K. A corresponding O 1s spectrum measured under UHV conditions after the growth of the respective oxide at 750 K is shown in Figure 9 (a).
For some experiments, the growth of the oxide led to a decrease in CO 2 production up to total inhibition of the reaction within minutes (Figure 9(c) ), as observed in XPS and QMS. The formed oxide is stable towards heating up to 1100 K in UHV and also in a CO atmosphere of 1 mbar at 800 K. This stability is not in line with observations for platinum oxides in the literature, 45 but has been observed for non-platinum oxides formed from minor bulk contamination of the Pt sample. [46] [47] [48] Indeed, the survey spectrum (cf. Figure S6 of the supplementary material 36 ) shows the emergence of the Si 2s signal characteristic of Si oxides with roughly Si:O 2 stoichiometry; a blow-up of the Si 2s signal from a different experiment is also shown in the inset of Figure 9 (a). Note that the satellite of the Pt 4f signal overlaps with the Si 2p signals which are the strongest lines for silicon; therefore, only the weaker Si 2s signal is shown. The assignment is further supported by the absolute O 1s binding energy of 531.7 eV, which is typical for SiO 2 , but much larger than the values of ∼530 eV typically observed for platinum oxides. 33, 45, 49 Additionally, no changes were observed in the Pt 4f core level spectra taken before and after the oxidation experiment in UHV (see Figure 9(b) ). The amount of silicon oxide increased with increasing oxygen partial pressure and/or temperature. By repeated oxidation/sputter cycles, the silicon impurities could be removed. Interestingly, exposing the sample to ambient conditions leads again to an increased amount of silicon in the near surface region. 
IV. SUMMARY
In conclusion, we showed isothermal as well as temperature-programmed reaction experiments of the CO oxidation reaction for three different mixtures of CO:O 2 (2:1, 1:1, 1:4) at total pressures up to 1 mbar monitored by NAP-XPS and online gas analysis. The reaction was followed by XPS via the clearly separated O 1s gas phase signals of O 2 , CO, and CO 2 , and simultaneously by a QMS attached to the second differential pumping stage of the setup. With both techniques, the reaction was found to start at a certain onset temperature, which depends on the oxygen percentage of the mixture; the higher the relative oxygen content of the mixture, the lower the onset temperature. This behaviour is attributed to poisoning of the catalyst by CO and to a higher oxygen adsorption rate at higher oxygen content, due to the fact that adsorption of O 2 and (re-)adsorption of CO are competitive processes. At the investigated total pressures of 0.1 or 1 mbar for the different gas mixtures, the CO and O 2 partial pressures changed, influencing the ad-and desorption. The observations are in line with the literature, under the assumption of a Langmuir-Hinshelwood mechanism. 19 For both temperatureprogrammed and isothermal experiments, the highest TOFs were found for the stoichiometric mixtures. The TOFs increased with increasing temperature and stagnated at a particular temperature due to mass transfer limitations. While the results obtained from NAP-XPS and online gas analysis were qualitatively in good agreement, quantitative comparison showed that the QMS in some cases slightly underestimates the conversion, which is ascribed to different detection regions for the different methods. Concerning the reactive species in the active regime, we did not detect any oxygen-containing species on the surface in our temperature-programmed investigations and therefore, we conclude that no (or only a minor amount of) oxide is present and that the reactive surface is in a metallic state. Since the experiments were started out with a CO precovered catalyst surface, the reaction onset was determined by CO desorption. In an additional experiment using a highly oxidising mixture (CO:O 2 = 1:10; p tot = 1.1 mbar) in combination with a considerably slower heating rate, three different regimes were observed: (I) CO-inhibited with negligible activity, (II) partially CO-covered with moderate activity, and (III) adsorbate-free with high activity. Upon prolonged heating, in some cases, the formation of SiO 2 was observed on the platinum surface; the growth of this oxide leads to a poisoning of the catalyst up to total inhibition of the reaction. This or similar "non-platinum" oxides result from minor Pt bulk impurities and hence similar effects should be considered also in heterogeneous catalysis.
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